M ultidrug (MD) efflux protects nearly all living cells against a barrage of cytotoxic chemicals (1, 2) . High levels of MD efflux can extend broad chemoprotection to drug-targeted cells, which in turn are rendered resistant to lethal doses of multiple, unrelated drug therapies. The transport of antimicrobial and antifungal agents has been established as a primary cause of multidrug resistance (MDR) in pathogenic strains of Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, and Candida albicans (3) . In human cells, increased export of chemicals by P-glycoprotein (Pgp) and numerous MDR-associated proteins can also confer simultaneous resistance to a multitude of antitumor agents and has been linked to chemotherapy failure (4) . MDR-related transport is controlled largely by two cellular functions, namely those enacted by drug-responsive gene regulators and efflux pumps (3) . Quorum sensing regulators are also known to influence MD efflux pump expression (5) . For the former, promiscuous chemical recognition facilitates broad cellular responses that target drug-like compounds for export while leaving native biological ligands untouched. Elucidating the basis of MDR functions requires detailed descriptions of MD recognition. To date, an incomplete understanding of how MDR proteins interact with structurally and chemically diverse drugs continue to hinder efforts to evade, inhibit and control MDR activities.
Crystallographic studies of drug binding by MDR proteins have enabled improved descriptions of MD recognition (6, 7) . Indeed, details made available through structural data connect MD recognition to well-known physical and chemical features of binding. Moreover, contributions to multispecificity are now more recognizable due to the increasing availability of X-ray structures of MDR systems with different architectures and binding-site designs. However, both multispecificity and partial selectivity remain poorly defined due to insufficient analyses of MD interactions with individual MDR proteins. Current views of MD recognition are dominated by the canonical "multisite" model, which highlights structural and biochemical aspects of drug binding by regulators and transporters. Binding plasticity and adaptability are central to this model and, in many cases, are believed to derive largely from large drug-binding cavities composed of distinct, overlapping "minipockets" and flexible protein elements (SI Appendix, Fig. S1 ). For QacR (7) , TtgR (8) , AcrB (9) , Pgp (10) , and other characterized MDR systems, these features are present and appear to be critical for multifaceted binding, which includes the accommodation of dissimilar drug structures and bound configurations. Descriptions of MD recognition are currently limited to the canonical model. However, recent data suggest that it offers only a partial picture of multispecific drug binding.
BmrR is a gene regulator with a verified MDR role in Bacillus subtilis. It controls the expression of the Bmr efflux pump in response to a diverse array of cationic antibiotics, dyes, and disinfectants, which are also transported by Bmr and other efflux pumps (11) . Although BmrR has been widely viewed as a prototype for investigating MD recognition, only a limited number of binding studies have been reported. Importantly, the data available include crystal structures of three BmrR-drug complexes that suggest possible departures from the canonical MD-binding model wherein MD recognition occurs in a small, rigid drug pocket (12, 13) . Irreconcilable differences between BmrR and the canonical view suggest alternative binding models; one has been proposed based on the limited amount of data available (14) . The model considers two binding components (Fig. 1A) . One, coined the "hydrophobic (Hb) slot," provides a common anchoring point for different drugs through contacts with rigid, nonpolar ligand moieties. The second, called the "hydrophilic (Hp) cavity," offers extended binding versatility due to its concave structure and solvent exposure. The Hb slot-Hp cavity combination appears to provide another biological solution to MD recognition. The present study replaces this model with one that provides a molecular depiction of MD recognition in BmrR. Interestingly, the Hb slotHp cavity elements are retained.
Because of its noncanonical features, BmrR offers an alternative framework to investigate MD recognition. To better understand MD binding by the small, rigid BmrR pocket, solution and crystallographic approaches have been employed to investigate BmrR interactions with medically important ligands, including puromycin (PUR), ethidium (ET), tetracycline (TET), 4-aminoqualdine (4AQ), kanamycin (KAN), and acetylcholine (Ach) (Fig. 1B) . Due to the broad range of structural, chemical, and binding properties exhibited, the selected probe set facilitates the most extensive analyses of MD recognition for BmrR to date. Furthermore, by combining structural with solution-binding data for the diverse ligands, we are able to elucidate key features of MD recognition and dissect important contributions to MD binding.
Results
The drug-bound BmrR structures were solved by molecular replacement and refined using data collected to 2.8-3.2 Å. The structure of BmrR bound to tetraphenylphosphonium (TPP) and DNA (residue side chains, ligands, and solvent excluded) was used as the starting model for the refinements. Initial rigid-body, group B factor, and positional refinements, combined with simulated annealing, returned well-defined, continuous protein electron density for the six complexes studied (15) (16) (17) . All ligandsoaking experiments produced large positive electron density peaks in the putative BmrR drug pocket (Fig. 2 A-C) ; mock ligand soaks produced only weak patches of density. Although the resolution limit of X-ray data prevents unambiguous assignment of the ligand-bound orientations, those observed in the refined structural models offer the best fits to the ligand-derived density based on real space correlation coefficients (SI Appendix, Table S1 ). The docking modes depicted also result in reasonable burial of apolar and polar surface areas, H-bonding geometries, and long-range electrostatic interaction distances. Alternative ligand-binding modes were explored. However, they did not offer improved fits to the electron density, nor did they better reflect chemical principles or the BmrR drug recognition properties (SI Appendix, Fig. S2 ). Table 1 presents the data collection, refinement, and model geometry statistics for the series of ligandbound structures.
Structural details of MD recognition by BmrR are summarized in the SI Appendix, Fig. S3 and Tables S2-S4. They include similar ligand accessible surface area (ASA) burial (ca. 79 AE 2%) and shape complementarity (Sc) values (0.58 AE 0.02) for the different BmrR-ligand complexes (18) . The values calculated for BmrR are somewhat reduced relative to those found for ligand-specific ligand prototypes, which bury cognate ligands ca. 90% and exhibit Sc values >0.7 (19, 20) (SI Appendix, Table S2 ). In agreement with X-ray structures of QacR and other MDR proteins, drug recognition by BmrR is dominated by apolar contacts involving aromatic and hydrophobic residues (SI Appendix, Fig. S3 and Table S3 ). Unlike canonical MDR systems, the recognition of diverse ligands is restricted to a common set of residues lining the BmrR drug pocket (SI Appendix, Table S3 ). Polar moieties also contribute to MD recognition. The PUR, TET, 4AQ, KAN, and ACh probes reveal unique H-bonding contacts and defined longrange electrostatic interactions with Glu253 that range from 4.5 to 6 Å (see Fig. 3 ).
A solution-binding approach based on the intrinsic BmrR fluorescence was also used to examine MD recognition by BmrR (SI Appendix, Fig. S4 ). For all probes, ligand-dependent quenching effects afforded binding isotherms that reflect identical, independent binding-site behavior (SI Appendix, Fig. S4 ). Nonidentical K d values are obtained for the structurally distinct probes (SI Appendix, Table S2 ). The tightest binders of the selected probes include the strong cations, ET (1.9 μM) and ACh (6.6 μM). The weak cations, PUR and KAN, bound less tightly with K d values of 17 and 28 μM, respectively. In its zwitterionic form, the TET probe bound with a K d of 51 μM. The small, weakly cationic 4AQ is the weakest binder with a K d of 210 μM. The binding constants obtained for TPP and RHO6G (SI Appendix, Fig. S5 ) reproduce those reported previously (12, 13) .
Discussion
An extended set of diverse ligands has been used to probe MD recognition in BmrR. Compared to the previous studies, the ligand set employed here is larger, more diverse, and better resembles those used routinely to investigate MDR functions (21) . Solution-binding results, including the range of K d values observed, are in line with promiscuous drug recognition, the matching series of BmrR crystal structures, and a MDR role for BmrR (11) . Importantly, the ligand-bound structures reveal similar docking locations for all six probes. The confined nature of drug binding is emphasized by the superimposed set of structures (Fig. 2E) . By localizing the key determinants of MD recognition to a common interaction surface, the newly solved BmrR structures confirm departures from the canonical MD-binding model implicated previously by the BmrR complexes with RHO6G, TPP, and berberine (BER) (12, 13) (SI Appendix, Fig. S5 ). Whereas canonical MDR prototypes interact with different drugs using large, flexible cavities (7) (1;100-1;600 Å 3 , SI Appendix, Fig. S1 ), BmrR supports MD recognition in a rigid pocket about half the volume (ca.650 Å 3 , Fig. 2D ). Despite the differences in drug pocket size, X-ray and solution-binding results suggest similar degrees of ligand promiscuity for BmrR and canonical MDR proteins (11, 22) . This result is significant considering current descriptions of MD recognition and the large emphasis placed on drug pocket size and flexibility.
The superimposed BmrR structures also highlight the rigidity of the drug pocket. Residues involved in binding respond negligibly to the different ligand structures and show an average rmsd of 0.45 Å over all side-chain atoms (Fig. 2F ). This apparent rigidity is unlikely an artifact of the ligand-soaking procedure because cocrystallization experiments with ligands, BmrR, and DNA gave identical results. Instead, BmrR pocket rigidity appears to be linked in part to H-bonding interactions between the Tyr residues lining the drug pocket and nearby backbone and side-chain atoms (Fig. 2G) . Each Tyr hydroxyl group engages in one or two H bonds with heavy atom separations ranging from 2.4 to 3.4 Å; estimated angles range from approximately 100°to 180°. These contacts are observed in all BmrR structures determined to date (6, 13, 23) .
Key Features of MD Recognition in the Noncanonical BmrR. Disconnects between the canonical MD-binding model and BmrR expose gaps in our current knowledge of MD recognition by MDR proteins. However, these gaps are somewhat closed by the BmrR structures that highlight the dominance of familiar MD-binding elements. Those most prevalent include contributions from aromatic and aliphatic residues (Fig. 3 A-F and SI Appendix, Table S3 ). Both are well suited for MD recognition and play well-established roles in multispecific interactions with antigens (24, 25) , odorants (26) , and xenobiotics (7). The aromatic contribution to structure and binding in the BmrR drug pocket is striking. Although typically regarded as individual components, the spatial arrangement of the aromatic side chains is more consistent with all six residues functioning as a cooperative binding unit. Together, they offer a rigid, ring-like scaffold for the different drugs to dock (Fig. 4) . Although the surface formed by the aromatic side chains is not entirely smooth, the broad range of interactions with PUR, ET, TET, 4AQ, KAN, and ACh underscores the versatility of the docking platform. The conformational rigidity of the BmrR drug-pocket aromatics contrasts Statistics of BmrR-drug complex data collection and refinement. Data integration and scaling was carried out using the program HKL and refinement was initially carried using the program CNS (15) and completed in Refmac5 of the CCP4 package (16) . Model building and refinement was performed using Coot (42) . Structure quality was analyzed using the MolProbity (43) server and Procheck-CCP4 (16) . R merge ¼ ∑ jI − hIij∕jhIij; R work ¼ ð∑ ‖F obs − F calc ‖Þ∕ð∑ ‖F obs ‖Þ; R free ¼ ð∑ ‖F obs − F calc ‖Þ∕ð∑ ‖F obs ‖Þ, where all reflections (10% of the data) belong to a random test set. *Values in parentheses refer to the highest resolution shell. with QacR and other MDR proteins that use flexible Tyr and Phe side chains for multispecific binding. To the contrary, pocket rigidity appears to be a necessary feature of MD recognition in BmrR. Recently, Tyr residues were shown to offer binding specificity in immunoglobulins with a restricted set of antigen combining site residues (27, 28) . This specificity role likely requires the participation of the phenolic hydroxyl groups. Drug docking to the aromatic platform in BmrR exhibits no such requirements.
Although less represented, aliphatic side chains interact extensively with the BmrR probes (Fig. 4) . Like the drug-binding aromatics, two aliphatic residues are presented as a single binding unit. Indeed, V147 and I255 appear to function as a hydrophobic pincer that anchors a variety ligands on to the aromatic drugdocking platform. I255 caps the narrow side of the scaffold; V147 sits near the edge of the opposite face, such that drugs are granted full access to the wider side of the docking surface (Fig. 4 A, B , and D). Only two polar side chains are located within 5 Å of bound ligands, including N149 and E253 (Fig. 3) . A low participation of polar residues in BmrR is consonant with the idea that polar contacts enforce specificity and undermine promiscuous ligand recognition.
Ligand Burial and Suboptimal Ligand Packing in MD Recognition.
Together, the residue contributions to MD recognition in BmrR bury approximately 70-80% of the ligand ASAs (SI Appendix, Table S2 ). Although such values have been used to indicate efficient ligand packing, the low Sc values (18) obtained for the BmrR complexes suggest otherwise (SI Appendix, Table S2 ). Comparisons of the protein and ligand ASA burial support the Sc calculations. Larger ligand burial values are observed for all complexes, which suggest that the ligand contacts ensued upon binding (or burial within the BmrR pocket) involve only a fraction of their ASAs (SI Appendix, Table S4 ). Importantly, low complementarity of BmrR to its ligands is an essential feature of MD recognition and is likely the basis for the ca. 80% ligand burial threshold. In aggregate, the data indicate that whereas ligand burial does not maximize binding contacts, poor packing can be supplemented largely by excluding water from noncontacting drug surfaces. Although several BmrR-ligand complexes suggest the accommodation of water molecules (Fig. 2D and SI Appendix, Fig. S8 ), the described burial strategy apparently mediates favorable binding for a broad range of compounds.
Ligand burial appears to be a key component of MD recognition in BmrR. For TPP, low ligand burial (59%) is likely the basis of weak binding despite its hydrophobic and cationic properties (SI Appendix, Table S1 ). Moreover, analyses of binding and ligand burial reveal linear correlations between ln K d and both the total and nonpolar ASA buried for the BmrR probes employed here and in previous structural and solution-binding studies (SI Appendix, Fig. S6 Fig. S7 ). This value is similar to those observed for inhibitors of protein-protein interactions, protein kinases, and many proteases. As such, the energetics of MD recognition are comparable to those achieved by drug discovery and inhibitor design efforts (31, 32) . Despite notable differences, QacR displays a similar relationship between ligand binding and burial (SI Appendix, Fig. S6C ). Other MDR proteins will likely exhibit similar mechanisms and energetics for MD binding.
Polar and Electrostatic Contributions to MD Recognition. Although the burial of polar atoms generally opposes binding and folding, the dissection of ligand ASA burial into its nonpolar and polar components reveals little to no adverse effects on binding from the burial of the latter (SI Appendix, Fig. S8 ). In addition, the data may suggest an ASA burial threshold of ca. 150 Å 2 , below which polar effects appear favorable; above this arbitrary value, polar interactions display their anticipated properties. The capacity of BmrR to bury polar atoms without energetic costs is somewhat unexpected considering the nonpolar character of the drug pocket. Interestingly, a similar value of approximately 160 Å 2 has been suggested as the optimal polar ASA for potentially successful drug candidates (molecular mass of approximately 500 Da) (33) . The role of water is currently unknown for BmrR; insights await higher resolution structures (see SI Appendix, Fig. S9 ).
The X-ray structures presented here highlight three features, all of which extend binding versatility to polar and electrostatic contacts. These include E253, which is a proposed determinant of cation selectivity; N149, the lone drug-contacting polar residue identified to date; and the Tyr residues lining the drug pocket.
Issues related to cation neutralization by E253 have been only partially addressed using ligands with delocalized charges (13) . However, those employed in this study show spatially defined charges, enabling the influences of E253 to be more clearly revealed. BmrR structures with PUR, ET, TET, KAN, and ACh place the ligand cationic nitrogen atoms within 3.5-6 Å of E253 (Fig. 3 A, B, and D-F) . Although not close enough to be called salt bridges, these distances fall within the well-established window of long-range electrostatic interactions (34, 35) . The exception is 4AQ, which instead appears to maximize packing, which results in an 4AQ N1 -E253 Oε distance of 6.3 Å (Fig. 3C) . In addition to optimal packing, favorable electrostatics are facilitated by a 2.9 Å E253 Oε -4AQ N4 H bond and the 4AQ π-system. Unlike 4AQ, TET binding produces an acceptable E253 Oε -TET N4 distance of 4.7 Å. In this case, a proton gain at TET N4 and a proton loss at TET O3 result in attractive (4.7 Å) and repulsive (7.4 Å) interactions with E253 (Fig. 3D) . Clearly, the former is favorable enough to offset the repulsive effects, which appear to be dissipated only partially by an H bond with N149.
The X-ray data suggest that D47 and E266 may also play roles in the promiscuous binding of cationic ligands. The acidic trio is symmetrically disposed around the drug pocket, with each being equidistant from the drug-pocket center (Fig. 5) . The residues also define a plane that slices through the pocket in an arrangement that enables electrostatic stabilization for a broad array of bound ligands with cationic centers that show moderate approaches to one or more of the E253, D47, and E266 side chains (Fig. 5B) . Based on the X-ray data, the buried E253 residue appears to dominate cation recognition for BmrR (Fig. 5 C  and D) . However, the prevalence of shorter cation-E253 distances may reflect a bias in the probe sets chosen for X-ray and solution studies. Indeed, recent mutagenesis data support electrostatic roles for the less buried D47 and E266 residues (13).
H-Bonding Contributions to MD Recognition. Previously solved BmrR structures reveal a single H bond with the BER ligand (13) . Using a probe set with expanded H-bonding properties, we show that BmrR is highly adaptive to polar interactions (Fig. 3) . H-bonding elements in the drug pocket interact with the majority of the buried polar atoms on PUR, ET, 4AQ, and KAN. PUR and KAN engage in distinct sets of three H bonds (Fig. 3 A and G) . TET donates an H bond to N149 (Fig. 3D) . Alternative N149 conformations enable the donation of an H bond to the BER, KAN, and ACh probes.
MD recognition is rarely devoid of polar contributions, owing to their importance in drug action and drug-receptor specificity (32, 33) . For MDR functions to be effective, complementary contacts must be presented to drugs with H-bonding atoms. BmrR presents a redundant set of H-bond donor and acceptor atoms that appears to be capable of satisfying different ligand H-bonding arrangements in a rigid drug pocket without compromising preexisting interactions (SI Appendix, Fig. S10 ). As a result, polar interactions are "supplied" on a need basis without large energetic penalties. In contrast, the canonical QacR drug pocket contains at least three Glu and two Asn that use drug-dependent rotamer geometries (7) . For BmrR, the availability of such elements is consistent with the analysis of polar ASA burial effects on binding and the favorable accommodation of polar ligand groups.
Several mechanisms for multispecificity have been described (36) . One involves a single, rigid pocket that interacts with unrelated ligands through nonidentical contacts. Another requires pocket flexibility and "induced-fit" recognition. A third strategy focuses on a less flexible pocket with distinct minipockets that interacts differentially with diverse ligands. The crystal structures of BmrR bound to our extended probe set appears to be consistent with the first mechanism and includes contributions from promiscuous elements composed of multiple symmetrically disposed residues that function as single drug-binding units. These include a rigid platform, a hydrophobic pincer pair, and a trio of acidic residues. In aggregate, these elements interact extensively with a diverse set of drugs, burying each approximately 80%. Their features are also consistent with multispecific binding, dominant apolar contributions, and cation selectivity. The ligandbinding orientations appear to be dictated by auxiliary contacts that specify the Hb slot and Hp cavity regions of the BmrR drug pocket. P144, Y229, and F224 compose the outer edge of the former, whereas residues below the V147-I255 pincer specify the concave shape, solvent exposure, and binding properties of the latter. The ligand-docking modes revealed here and in previous studies implicate major roles for the Hb slot-Hp cavity combination (Fig. 6 ). As predicted, planar and rigid ligand moieties presented by our extended probe set interact with the Hb slot. In contrast, small hydrophilic ligands with no rigid or planar moieties (Fig. 6F ) show interactions only with the Hp cavity, which binds vastly different moieties of PUR, ET, TET, and 4AQ. This mode of binding may be important for allosteric regulation of the promiscuous BmrR switch.
The combination of solution binding and X-ray studies has elucidated key features of MD recognition in a system that presents a binding scheme very different to views of the currently dominant, canonical MD-binding model. Although BmrR does not employ a large drug-binding cavity or flexible protein elements, its drug recognition features highlight key issues regarding the recognition of structurally and chemically diverse compounds. Our current knowledge of MD recognition remains rudimentary. The discovery of additional structural solutions to MD recognition will be important toward better understanding the functions of systems that influence drug action.
Methods
Protein Preparation. The His-tagged version of the bmrR gene was amplified by PCR from B. subtilis genome using gene specific primers, subcloned into the pBad vector and transformed into E. coli BL21(DE3) cells. Cells were harvested by centrifugation and the pellet was resuspended in lysis buffer (30 mM phosphate, 1.5 mM EDTA, 5% glycerol, 200 mM imidazole, 100 μM protease inhibitor cocktail, 50 μg∕mL lysozyme, and 100 uM PMSF). BmrR was then purified by HisTrap HP, Heparin HP, and HiTrap Q HP (GE Healthcare) chromatography. BmrR was subsequently concentrated and subjected to gel filtration on a Superdex 200 (GE Healthcare) in a buffer containing 10 mM Hepes, 300 mM NaCl, 500 μM EDTA, and 10% glycerol.
Crystallization and Data Collection. Crystals of BmrR bound to a 23 bp DNA duplex containing the bmr promoter sequence were produced as described previously (15) . Ligand complexes were produced by soaking preexisting crystals (24 h) in solutions containing 1 M sodium malonate pH 7.0, 0.05% jeffamine, and 2 mM of each ligand: 4-aminoquinaldine, ethidium bromide, puromycin, tetracycline, and kanamycin A (Sigma Aldrich). The ligand-soaked crystals were stabilized and cryoprotected using a solution containing 1 M sodium malonate, 0.05% jeffamine, and 30% glycerol. These crystals were flash frozen in liquid nitrogen. All diffraction data were collected at the Stanford Synchotron Radiation Light Source, beamline 9-2.
Data Reduction and Refinement. The diffraction data were indexed, reduced, and scaled using the program HKL 2000. After scaling, phases were obtained by molecular replacement by rigid-body refinement using CNS (17) and the structure of BmrR bound to TPP and DNA (accession code IR8E, 2.4 Å) (16) as a starting model. At this point, 5.0% of the data were removed to be used for cross-validation (R FREE ). Several rounds of simulated annealing, B-factor refinement, positional refinement, and model building were carried out using CNS (17) and Coot (37) . After the refinements converged in CNS, the structure was further refined using the program Refmac5 (CCP4 program suite) (18) . The ligands were then modeled into the excess density observed in the BmrR drug pocket, resulting in a 1-2% decrease in R FREE . Fixed translation libration screw (TLS) parameters were determined using the TLS motion detection server (38) and then used in the subsequent rounds of model building and structure refinement. In the last stages of the refinements, waters were added to models. The criteria used to judge their validity included H-bonding geometries and B factors (less than 80). The quality of the final structures were validated using the Molprobity server (39) , which shows 97% of all residues in the most favored region of the Ramachadran plot; no residues were found in an unfavorable conformation.
